Serotonin (5-hydroxytryptamine, 5-HT) is an important mediator of cell-cell signaling in neuronal systems. The serotonin transporter (SERT) on the plasma membrane controls the extracellular 5-HT level by reuptake of released 5-HT from the synaptic cleft, but the underlying regulation mechanism is unclear. Here, we used the yeast two-hybrid system to identify the specific binding protein(s) that interacts with the carboxyl (C)-terminal region of SERT and found a specific interaction with protein kinase C-ε (PKC-ε), a PKC isotype that is characterized as a calcium-independent and phorbol ester/diacylglycerol-sensitive serine/threonine kinase. PKC-ε bound to the tail region of SERT but not to other members of the Na + /Cl -dependent SLC6 gene family in the yeast two-hybrid assay. The C-terminal region of PKC-ε is essential for interaction with SERT. In addition, these proteins showed specific interactions in the glutathione S-transferase (GST) pull-down assay. PKC-ε phosphorylated the peptide of the SERT amino (N)-terminus in vitro. These results suggest that the phosphorylation of SERT by PKC-ε may regulate SERT activity in plasma membrane.
Introduction
The neurotransmitter transporters are plasma membrane proteins that re-uptake extracellular neurotransmitters after release and thereby terminate the transmitter's action at extracellular receptor sites [2, 31] . The tryptophan derivative 5-hydroxytryptamine (serotonin; 5-HT) is an important signaling molecule in the brain and periphery [2, 18] . Like many other neurotransmitters, serotonin is predominantly inactivated by transporter-mediated clearance. The serotonin transporter (SERT) selectively transports 5-HT into nerve cells together with Na + and Cl - [31] . In neurons, SERT is predominantly localized in axon terminal membranes and present in low levels at the cell body and dendrite [2, 35] .
The primary function of SERT in the central nervous system involves the regulation of serotonergic signaling via transport of 5-HT molecules from the synaptic cleft into the pre-synaptic terminal for re-utilization [2] . SERT is also expressed in non-neuronal cells, including platelets, placental, intestinal and adrenal lines, but the extract function of SERT in these cell lines is still under investigation [9, 35] . SERT is a member of sodium-dependent monoamine transporter family, which also includes the dopamine transporter (DAT), γ-aminobutyric acid transporters (GATs), glycine transporter and norepinephrine transporter (NET) [2, 9, 31] . Topologically, SERT is an integral membrane protein comprised of twelve transmembrane domain and both the amino (N) and carboxyl (C) termini are exposed to the cytoplasm [2, 34] . The N-and C-terminal cytoplasmic regions of SERT have recently increased attention for its importance in transport function and regulation [17, 21, 34] . The proteins interacting with the N-terminus of SERT are α-synuclein, Hic-5, secretory carrier membrane protein 2, and syntaxin 1A [22, 26] . The C-terminus of SERT forms complexes with the MacMARCKS, actin cytoskeleton, neuronal nitric-oxide synthase, Sec23A, and Sec24C [8, 13, 16, 20] , but the functional significance of these interactions are not known. Previous findings indicate that post-translational modifications by protein kinase play an important role in the regulation of neurotransmitter transporters [12, 19, 28] . Protein kinase dependent down-regulation has emerged as a common scheme for the modulation of neurotransmitter transporters [28] .
SERT exhibits basal phosphorylation that can be elevated by activation of protein kinases and inhibition of protein phosphatase 2A [12] . Activation of protein kinase leads to an acute down-regulation of SERT-mediated 5-HT uptake [28] . This down-regulation is accompanied by a redistribution of the SERT from the cell surface to internal sites [19] . Recent reports show that cell surface levels of SERT can be regulated by protein kinase G (PKG) activation and p38 MAPK inactivation [36] . However, the phosphorylation of SERT has been demonstrated only by protein kinase A (PKA) and protein kinase C (PKC), but not PKG [3, 4] . Recent evidence suggests that SERT is tightly regulated [19] . However, to date little is known about the mechanism and proteins involved in the regulation of SERT. To obtain further insight into the regulation of the SERT, we searched for proteins that directly interact with SERT. Here, we report that the intracellular C-terminal region of SERT interacts with the protein kinase C-ε (PKC-ε), a member of the PKC family [1] . The SERT-PKC-ε interaction suggests that SERT may be subject to dynamic regulation by phosphorylation at the plasma membrane.
Materials and Methods

Plasmid constructs
Polymerase chain reaction (PCR) amplification was used 
Screening of SERT-binding protein by yeast twohybrid screen
A yeast two-hybrid cDNA library from mouse brain was obtained (Clontech), and host yeast strain (EGY48) used for the two-hybrid screenings was as described previously [14] . The isolated DNA sequence analysis was performed with the BLAST algorithm at the National Center for Biotechnology Information (NCBI).
β-Galactosidase activity in liquid cultures of yeast
The strength of the interactions between SERT and PKC-ε constructs was assessed by measuring the β-galactosidase activity in liquid cultures. The β-galactosidase activity of the lacZ reporter gene was measured using o-nitrophenyl-β -D-galactoside as a substrate as described previously [33] .
In brief, mid-log phase transformed yeast cells were collected and permeabilized with 0.1% sodium dodecyl sulphate (SDS) and chloroform. An excess amount of chromogenic substrate o-nitrophenyl-β-D-galactoside was added to this lysate, and the mixture was incubated at 30 o C, and then the reaction was stopped by increasing pH to 11 by the addition of 1 M Na2CO3. The formation of the reaction product, o-nitrophenol, was determined by measuring absorbance at 420 nm on a spectrophotometer and normalizing for the reaction time and the cell density.
Western blotting
Detergent extracts were mixed with 5× SDS sample buffer, separated by 10% SDS-PAGE, and transferred onto nitrocellulose using a wet blot chamber (BioRad, München, Germany) containing transfer buffer (0.25 M Tris-HCl, pH 8.3, 1.92 M glycine, 1% (w/v) SDS, 20% (v/v) methanol) as described in [32] . SERT fusion protein was detected with primary antibody. Bound antibody was visualized by using an enhanced chemiluminescence detection system (Pierce, Rockford, USA). PKC-ε has C2 domain and kinase domain. C2 and kinase domains are indicated in gray. a.a, the amino acid residue number. Clone 2 and 5, which were isolated from the yeast two-hybrid screen, overlapped at the C-terminal region of PKC-ε. Different truncations of PKC-ε were constructed by PCR. Several truncated forms of PKC-ε were tested in the yeast two-hybrid assays for interaction with SERT. +++, interaction with SERT; -, no interaction with SERT.
Glutathione S-transferase (GST) pull-down assays
Pull-down assays using GST fusion proteins were performed as follows. cDNAs encoding the C-terminal cytoplas- Triton X-100/phosphate-buffered saline, GST fusion protein-coupled Sepharose beads were mixed with 1 mg of protein lysates prepared from mouse brain, which were pre-cleared with glutathione-Sepharose beads for 1 hr at 4°C.
After rotating for 1 hr at 4°C, the GST fusion protein complex was washed five times with cell lysis buffer and subjected to immunoblotting.
In vitro phosphorylation
The phosphorylation activity of each kinase was measured the incorporated 32 P as described previously [10] . In 
Results
Identification of SERT interacting proteins by yeast two-hybrid screening
The cytoplasmic 20 amino acids of the C-terminal region of SERT are critical for the regulation of the transporter activity [17] . However, the role of this region on the protein-protein interactions of SERT is incompletely understood.
To examine SERT-interacting proteins, we have used the yeast two-hybrid system to search for novel regulatory proteins that interact with the C-terminal cytoplasmic region of SERT. From 5×10 6 colonies screened, we obtained five positive clones. Two clones (clone 2, and 5) were fragments of PKC-ε containing the C-terminal region (Fig. 1 ).
Retransformation experiments with the yeast two-hybrid system showed that the C-terminal region of PKC-ε supported growth of the yeast on nutrient-deficient media, indicating that the C-terminal region mediated this interaction (Fig. 1) . PKC-ε consists of an N-terminal C2 domain (previously termed as the D1 or V1 region), followed by a kinase domain [1] . To determine the minimal binding region of PKC-ε required for the interaction with SERT, we constructed deletion mutants of PKC-ε and analyzed their interactions with SERT using the yeast two-hybrid assay. Only the C-terminus region of PKC-ε interacted with SERT in the yeast two-hybrid assay, as shown in Fig. 1 . These data in-dicates that SERT specifically binds to the C-terminal region of PKC-ε.
PKC-ε binds specifically to SERT
SERT belongs to the Na + /Cl -dependent SLC6 gene family, which also includes DAT, NET, and GATs [34] . In order to confirm whether PKC-ε interacts with other SLC6 gene family, we performed yeast two-hybrid assays. When the C-terminal cytoplasmic regions of NET, DAT, SERT and GAT1 were tested for PKC-ε-binding by yeast two-hybrid assays, there was no detectable binding between PKC-ε and the C-terminal cytoplasmic regions of NET, DAT and GAT1
( Fig. 2A) . These data indicate that the interaction of PKC-ε with SLC gene family is specific to SERT. To quantify the binding strength of PKC-ε to SERT, the bait plasmids of SERT, DAT, GAT1 and PKC-ε were transformed to yeast and were measured using β-galactosidase activity in liquid cultures. The interaction of SERT with PKC-ε yielded approximately 391 units of β-galactosidase activity (Fig. 2B) , reflecting a binding strength that is sufficient to protein-protein interaction in vivo [33] .
PKC-ε associate with the SERT C-terminus
In order to determine whether PKC-ε directly interacts with SERT, we performed GST pull down assays. The C-terminal cytoplasmic region of SERT and other SLC6 gene family were expressed as GST fusion proteins in E. coli. These B) A) GST-fusion proteins were immobilized on glutathioneSepharose beads, and incubated with mouse whole brain lysates. Immunoblot analysis of the pull-down proteins showed that PKC-ε interacted with SERT. In contrast, GST fusion proteins containing the C-terminal cytoplasmic region of the DAT, NET, and GAT1 failed to pull down PKC-ε (Fig.  3A) . The C-terminal GST fusion proteins containing either the last 37 residues (GST-SERT (594-630)) or the last 24 residues (GST-SERT (607-630)) of SERT were capable of pulling down with PKC-ε. In contrast, GST itself and a fusion protein encoding the N-terminus of SERT (amino acids 1-25) did not bind with PKC-ε.Also, deleting the 23 C-terminal residues of this fusion protein (GST-SERT (594-607)) failed to pull down PKC-ε (Fig. 3B) . We further confirmed the structural requirements of the PKC-ε for interaction with SERT in GST pull-down experiment. As shown in Fig. 3C , a C-terminal fusion encoding the 49 residues (Del1) of PKC-ε was capable of pulling down SERT. However, Del2 and Del3, which are devoid of C-termini did not pull down SERT, These data are consistent with the yeast two-hybrid
C) Fig. 3 . Association of SERT with PKC-ε in the pull-down assay.
(A) Association of PKC-ε and SLC6 gene family in the GST pull-down assay. Proteins in the mouse brain lysate were allowed to bind to GST alone, GST-DAT, GST-NET, GST-GAT1, or GST-SERT fusion proteins. The elution fractions were resolved by SDS-PAGE and immunoblot analysis was performed using an antibody to PKC-ε. (B) Association of PKC-ε with the C-terminus of SERT. Several deletion forms of SERT were tested in the GST pull-down assay for interaction with PKC-ε. The N-terminal fusion protein (N, amino acid; 1-26). (C) Interaction of SERT with the C-terminal of PKC-ε. Several deletion forms of PKC-ε were tested in the GST pull-down assays for interaction with SERT. assay results, and indicate that SERT directly interacts with PKC-ε and the C-terminal regions of SERT, and PKC-ε are essential for interaction with SERT and PKC-ε.
PKC-ε phosphorylates the SERT N-terminus
SERT has consensus sequences for potential phosphorylation sites by PKC-ε [7] . In previous studies, several protein kinase could phosphortlate the serine residues of SERT N-terminal [29] . To clarify whether PKC-ε directly phosphorylates the SERT, we tested the ability of PKC-ε to incorporate phosphate into a peptide corresponding to the first N-terminal 25 residues of SERT. The efficiency of PKA phosphorylation of the SERT peptide was 38% of that of the PKC-ε. In comparison, PKG phosphorylated the peptide with an efficiency of 34%. In contrast, none of the GST only and cdc2 tested incorporated significant phosphate into the N-terminal peptide of SERT (Fig. 4) . Thus, at least in vitro, the N-terminal region of SERT subserves a substrate for PKC-ε.
Discussion
The N-and C-terminal domains of SERT are thought to be located in the cytoplasm and they also contain a number of potential phosphorylation sites [7, 15, 18] . These domains are the most likely binding sites for directly interacting, potential regulatory proteins [2, 6] . In order to identify novel SERT binding proteins, we performed a yeast two-hybrid screen with the C-terminal cytoplasmic region of SERT. In this study we demonstrate for the first time that the SERT directly interacts with PKC-ε. First, we showed that PKC-ε interacts with SERT in the yeast two-hybrid system (Fig. 1) .
Secondly, we demonstrated the interaction of PKC-ε with the C-terminal cytoplasmic region of SERT in GST pulldown assay (Fig. 3A, 3B ). Furthermore our results also demonstrated that PKC-ε could phosphorylate in vitro a synthetic SERT N-terminal peptide (Fig. 4) .
Protein phosphorylation is a central mechanism involved in the short-term regulation of cellular processes [15] . The function of sodium-dependent monoamine neurotransmitter transporters is regulated by phosphorylation/dephosphorylation [27, 34] . SERT also has consensus sequences for potential phosphorylation sites by protein kinases [6, 20] . In many pharmacological studies, SERT uptake activity was shown to be modulated by PKA, PKC and other protein kinases [25, 27, 29] . Activation of PKA has been shown to up-regulate the transport activity of the SERT via increased synthesis of the SERT, rather than the direct phosphorylation of the SERT [5, 20] . In contrast, the activation of PKC by phorbol esters resulted in a reduction of serotonin uptake in endothelial cells, platelets, and RBL cells [3, 20, 23] . In another report, PKC activation resulted in reducing the numbers of SERT in the cell surface using biotinylation analyses [25] .
This finding suggests that PKC activation may induce redistribution of the SERT and regulate its activity by altering the protein trafficking system or internalization [19] .
However, the detailed mechanism of the involvement of PKC in this inhibitory modulation of SERT activity is unclear.
Our results showed that PKC-ε directly phosphorylates the N-terminal region of SERT. An interesting question is how N-terminal phosphorylation of SERT regulates the activity of SERT. In previous pharmacological studies, the recombinant SERT expressed in cells failed to reveal changes in substrate transport after PKA activation, and stimulation of PKC has been shown to result in a reduction of maximal transport activity without alterations in substrate affinity [25, 29] . This decrease of maximal transport activity is a consequence of SERT internalization from the plasma membrane into endocytosis vesicles [9] . In previous results, the phosphorylation-mediated reduction of serotonin uptake was found to be maintained even upon mutation of all pre-dicted phosphorylation sites in the SERT polypeptide [29] .
Therefore, internalization by phosphorylation may not result from direct phosphorylation of SERT, but involves indirect mechanism. Additionally, previous result suggested that the phosphorylation-mediated reduction in SERT activity results in part from the disruption of F-actin and resulting morphological changes in cellular organization [30] . PKC-ε is the most abundant isotype in the central nervous system [1] .
Several proteins important for neuronal signal transduction interact with PKC-ε [1] . PKC-ε induces neurite outgrowth during neuronal differentiation activated by various stimuli through interaction with actin filament [11] . The significance of the actin-binding site in the interaction with filaments has been implicated in neurotransmitter endocytosis [24] .
Recruitment of PKC-ε by binding to the C-terminal cytoplasmic region of SERT and its phosphorylation of the N-terminal region of SERT may provide important clues to these phenomena.
